INTRODUCTION
It is generally accepted that a DNA intermediate is produced after infection of a susceptible cell with an RNA oncogenic virus. This DNA intermediate may become integrated into the cellular genome, where it has been detected by DNA-DNA (Gelb, Aaronson & Martin, I97I) and RNA-DNA (Shoyab, Baluda & Evans, 1974) hybridization studies. Several investigators have implicated the mitochondrion as the site of replication of avian sarcoma virus (Kara, Mach & Cerna, 197 I) and avian reticuloendotheliosis virus (Balcavage et al. 1972) . Inhibitors of mitochondria-specific transcription and translation such as ethidium bromide and chloramphenicol, respectively, suppressed Rous sarcoma virus (RSV)-induced transformation of chick embryo fibroblasts and the synthesis of virus (Richert & Hare, I972) . Alterations in the mitochondrial DNA, e.g. accumulation of dimeric and oligomeric forms, have been reported in human leukocytes from patients with granulocytic leukaemia (Clayton & Vinograd, t969) , in polyoma-transformed BHK cells (Nass, I97o) , and chick embryo fibroblasts infected with a temperature-sensitive mutant of RSV (Nass, I973) . Since no information was available at the time regarding the role of mitochondrial macromolecular synthesis in the establishment of infection by murine RNA tumour viruses and their replication, we studied the effects of ethidium bromide on Balb 3T3 cells infected with the Harvey strain of MSV (H-MSV). While this work was in progress, Bader (I973) reported that she was unable to detect any significant inhibition by ethidium bromide of virus production by a chronically infected murine leukaemia virus (MLV)-releasing mouse cell line or after infection of chick embryo fibroblasts with RSV. In this communication we present evidence suggesting that ethidium bromide inhibits the synthesis of a cellular product which is required for the successful establishment of infection by MSV. However, once the early steps have been completed in the virus-infected cell, ethidium bromide does not inhibit either the transformation of the cell or the replication of the virus. 
METHODS
Cells. The mouse cell line Balb 3T3 was cultured as described previously (Bose & Zlotnick, 1973 ). The population doubling time (20 to 22 h) and saturation density (< 5 × Io4/cm2) was monitored continuously and at least once in 2 months new cultures were started from stocks stored in liquid N2.
Virus. The conditions of growth of Harvey MSV (containing MLV) have been described (Bose & Zlotnick, 1973) .
Infectivity determinations' by focus and deoxyglucose uptake assay. These were performed according to the procedures previously reported (Zlotnick, Bose & Roa, 1974) .
Density gradient sedimentation analysis of labelled virus. Monolayer cultures of Balb 3T3 cells in 5 cm dishes were infected with H-MSV and incubated with 5 ml of growth medium containing IO or 25 #Ci/ml of [5-3H]-uridine (28 Ci/mmol) for I2 h. The virus, a mixture of MSV and MLV, was purified essentially by the procedure of Robinson, Pitkanen & Rubin (t965) . The culture fluids were collected, clarified by sedimentation at Iooo g for I5 rain and an equal vol. of neutralized, saturated solution of ammonium sulphate was added to the supernatant fluid. The mixture was kept at o °C for I h and then centrifuged at ioooo g for 15 min. The pellet was washed once with ice-cold, half-saturated ammonium sulphate solution, pH 7.2, and the washed pellet was dissolved in o'5 ml of TNE buffer (IO mM-tris-HCI, IOO mM-NaC1, 1 mM-EDTA-Na4, pH 7"4). The suspension containing virus was centrifuged through a linear gradient (I3 ml) of 15 to 60% sucrose in TNE buffer in an SW 4o rotor at 40oo0 rev/min for 15 h at 4 °C in a Beckman L2-65B centrifuge. Following this sedimentation, fractions of 30 drops were collected after puncturing the bottom of the tube using an ISCO fractionator. One-half ml sample from each fraction was precipitated with ice-cold 5 % trichloroacetic acid (TCA) and the precipitates were collected on Whatman GF/A filters. After washing with 5 % TCA, the filters were dried and the radioactivity was determined in an Isocap 3o0 scintillation counter. The peak of radioactivity corresponding to the virus appeared between the densities of 1"I4 and I.I8 g/ml and the pooled radioactivity was taken as bulk of the virus particles (MSV and MLV) present in the harvested culture fluid.
Determination of nuclear and mitochondrial DNA and RNA synthesis. About I x IO 6 Bulb 3T3 cells were plated in 75 cm2 Falcon flasks with 2o ml of growth medium. Replicate cultures were treated with I/~g/ml ethidium bromide for t 6 h before the nucleic acids were labelled with [3H]-thymidine and [aH]-uridine. After 45 min, the labelled media were removed, and the incorporation terminated by washing the cultures three times with icecold, tris-buffered saline (TBS). All subsequent operations were performed at o to 4 °C. The cells were removed by scraping into 5 ml TBS, and the nuclear and the mitochondrial fractions were prepared according to the procedure of Bosmann (I97I). Acid-precipitable radioactivity in the nuclear and mitochondrial fractions was determined by collecting the precipitates on Whatman GF/A filters.
Chemicals. Powdered tissue-culture medium, foetal and new-born virus-screened calf sera were purchased from K.C. Biologicals, Lenexa, Kansas. Omnifluor, [5-aH] solved in 0"9 % NaC1 and sterilized by filtration through membrane filters. Ethidium bromide was purchased from Sigma Chemical Co., St Louis, Missouri. Stock solutions were prepared in TBS, sterilized by filtration and stored at -76 °C. Ethidium bromide concentrations were estimated by measuring the E4no of the solutions (Waring, 1965) and were always kept protected from light. RNase-free sucrose and ammonium sulphate were obtained from Schwarz-Mann and J. T. Baker Chemical Company, respectively.
RESULTS

Inhibition of virus production by ethidium bromide
Eukaryotic cells treated with ethidium bromide show a differential inhibition of mitoehondrial DNA synthesis (Nass, I972) , decrease in the concentrations of cytochromes a + a3 and b, abnormalities in the mitochondrial cristae (Soslau & Nass, I97I) and inhibition of cell growth (King, Godman & King, I972; Nass, 1972 ) . As shown in Fig. I , no inhibition in the growth rate of either uninfected or H-MSV-infected Balb 3T3 cells was found after exposure to ethidium bromide at o'7 or I-4 #g/ml for 15 to 24 h. At higher concentrations up to IO #g[ml, the cells continued to grow at about 5o % of the normal growth rate. For studies relating to its effect on virus production, ethidium bromide at concentrations of I Itg[ml or less was used. The data in Fig. 2 indicated that the labelled extracellular virus could be detected as early as 24 h after infection. This was followed by a linear increase in virus production up to 48 h. These results are similar to those reported by Salzberg, Robin & Green (I973), using 3T6 cells. It can be seen that there was a significant inhibition of virus production when 0"7 #g/ml of ethidium bromide was present from the time of infection, but there Effect of ethidium bromide treatment on virus particle production. The rate of virus particle production was measured by isolating labelled virus particle released into the culture fluid as described in Methods. The radioactivity appearing in the virus density region was normalized with respect to cell number counted at 6o h. O--O, control, no ethidium bromide; S--S, o'7 #g/ml of drug present for -t5 to o h; [B--~, ethidium bromide present from o to 24 h; and O--Q, ethidium bromide present from 24 to 36 h post-infection.
was no inhibition when the cells were treated with the drug 24 to 36 h after infection. However, the most drastic reduction in the synthesis of labelled virus particles occurred when the cells had been treated with ethidium bromide for [5 h and the infection and subsequent culture carried out in drug-free medium.
Pre-treatment of 3T3 cells with 0"7 #g/ml of ethidium bromide for 18 h rendered these cells grossly deficient in the ability to produce foci of transformed cells. For example, infection with 212 focus forming units (f.f.u.) of H-MSV resulted in the development of 56 loci (74 % inhibition). The extent of inhibition increased as the input virus was decreased and infection with 2I and 8 f.f.u, gave 95 and IOO % inhibition in the drug-treated cultures. Another parameter of virus-induced transformation of cells is manifested by a high rate of uptake of 2-deoxy-o-glucose which is proportional to the dose of infecting virus (Zlotnick et aL I974). As seen in Fig. 3, a cells was observed when the cells had been treated with ethidium bromide before infection. The degree of inhibition by ethidium bromide pre-treatment was influenced by the multiplicity of infection; at high concentrations of virus there was little inhibition of the enhanced rate of deoxyglucose uptake. By microscopic evaluation, Bader (I973) had noted similar lack of inhibition of the morphological transformation of chick embryo fibroblasts infected with RSV at a high multiplicity.
Lack of inhibition of virus infectivity by ethidium bromide
Incubation of samples containing H-MSV with Ioo/zg/mI of ethidium bromide at 37 °C for I h produced no inhibition in the focus-forming ability of the drug-treated sample, It has been reported that ethidium bromide is a very potent inhibitor of the virus reverse transcriptase (Hirschman, 197I) . The inability of this drug to inactivate the infectivity of H-MSV indicated that the dye was unable to react with the virus particle-associated enzyme. The observed inhibition by ethidium bromide, especially by treatment of the cells before infection, was best explained by an inhibition of the formation of a cellular product which was required only in the early stages of infection. Once these early step(s) had been completed, the drug had no effect on the production of MSV.
In order to determine if the treatment of cells with ethidium bromide resulted in the inhibition of transformation and virus replication by an inability of the drug-treated cells to adsorb H-MSV, experiments were performed to analyse the amount of unadsorbed virus remaining I h after infection of ethidium bromide-treated Balb 3T3 cells. The ability of the treated cells to adsorb H-MSV was not inhibited (data not shown). 
Dose-response and kinetics of ethidium bromide treatment
While intact virus particles with their reverse transcriptase were not inactivated during incubation with ethidium bromide, the possibility remained that the drug accumulated in the cells and reacted with the virus enzyme after intracellular uncoating had occurred. Although it seemed highly unlikely that the accumulation of ethidium bromide would be a time-dependent process, we nevertheless examined the effect of the duration of pre-treatment with three concentrations of ethidium bromide on the ability of the cells to produce foci after infection with H-MSV. The data represented in Fig. 4 showed that the inhibitory effect of ethidium bromide on focus formation by MSV increased with a prolongation of the pre-treatment. From 7o to 9o % inhibition occurred with I8 h of treatment of 3T3 cells before infection. Furthermore, the rapidity with which significant inhibition was achieved did not depend on the dose of the drug. The extent of inhibition clearly depended on the duration of the pre-treatment, suggesting either inhibition of the formation of a cellular material which was required for the establishment of infection by MSV or accumulation of an inhibitor during the treatment of the cells with ethidium bromide.
Differential inhibition by ethidium bromide of nuclear and mitochondrial DNA and RNA synthesis
It has been shown by Nass (I972) that the treatment of mouse L cells with 2/~g/ml of ethidium bromide selectively inhibited the synthesis of mitochondrial DNA and did not affect nuclear DNA synthesis. Essentially similar results, shown in Table I , were obtained in experiments with Balb 3T3 cells. Undoubtedly, the mitochondrial fraction obtained by differential sedimentation must be contaminated with cytoplasmic RNA but the'incorporation of [aH]-thymidine and [SH]-uridine into acid-precipitable material located in the nuclear fraction was not inhibited in the cells after a 15 h treatment with I #g/ml of ethidium bromide. The incorporation of both thymidine and uridine was drastically inhibited (82 ~o About lO 6 Balb 3T3 cells were seeded in 75 cm 2 Falcon tissue-culture flasks and allowed to grow for 8 h. Replicate cultures were exposed to I #g/ml of ethidium bromide for 16 h. The ceils were incubated with either io/*Ci/ml of pH]-uridine or pH]-thymidine in 3 ml of medium for 45 min at 37 °C. The monolayer cultures were washed four times with ice-cold TBS, the cells removed by scraping in the presence of 5 ml of TBS, and a zo #1 sample was removed for the determination of total cellular radioactivity. The cells were disrupted and the nuclear and mitochondrial fractions were obtained by the procedure of Bosmann (1971) . and 75 %, respectively) only in the mitochondrial fraction. In this experiment, the radioactivity incorporated has been normalized relative to the total cellular radioactivity, to minimize variations in cell numbers and any effect on the precursor pool sizes. In other experiments (data not shown), when the rates of incorporation of [3H]-thymidine and [3H]-uridine were normalized with respect to protein, the specific radioactivity determinations also indicated a selective and extensive inhibition of mitochondrial DNA and RNA synthesis.
DISCUSSION
There are contradictory reports in the literature regarding the role of mitochondria in the biosynthesis of tumour viruses containing RNA and in the morphological transformation of cells by RSV. Richert & Hare (I97a) , using secondary cultures of chick embryo fibroblasts, found that the induction of foci of transformed cells following infection with the Bryan high-titre strain of RSV was drastically inhibited when the cells were either exposed for 24 h to ethidium bromide one day before infection, or when the cells were treated with the dye during the first 48 h after infection. The replication of the virus was, however, not inhibited. The cells became refractory to inhibition by the drug 2 days after infection. Bader (I973) found that the production of MLV by a chronically infected murine cell line, JLS-V5, was not inhibited by ethidium bromide. A pronounced degeneration of the mitochondria was observed in the treated cells. However, using chick embryo fibroblasts, she found a marked inhibition by ethidium bromide in the induction of foci only when the fibroblasts were infected with the avian sarcoma virus at a low input multiplicity. Using a high virus input, there was a 4o % inhibition in the production of infectious virus during the first 24 h, and none during the subsequent 24 h. The extent of transformation, estimated by microscopic examination, appeared to be unchanged by treatment of the cells either before or after infection with ethidium bromide.
The data presented here clearly show that an ethidium bromide-sensitive step is required for some early reaction(s) following the adsorption of the virus by 3T3 cells. The early reactions may include the synthesis of virus DNA, catalysed by the virus particle-associated RNA-dependent DNA polymerase, and the eventual integration of the virus DNA into the cellular chromosome. Once these steps have been completed, the intercalating dye has no effect, either on the sarcoma virus-induced transformation or on the replication and release of virus particles. Ethidium bromide appears to inhibit the synthesis of a cellular material required for the integration of the newly-made virus DNA into the cellular DNA.
The results with the uptake of deoxyglucose as a measure of virus-induced transformation suggest a multiplicity-dependent response to the inhibition by ethidium bromide, a phenomenon noted by Bader (I 973) with RSV-infected chick embryo fibroblasts. That the primary effect of the intercalating dye is on the cell, rather than on the virus, is indicated by the observation that the efficiency of inhibition of both cellular transformation and virus replication is maximal when the cells have been pre-treated with the drug. In addition, the degree of inhibition is influenced not so much by the dose of ethidium bromide but by the duration of the treatment even at subcytotoxic levels of the inhibitor. If the specific target of this drug is indeed mitochondrial DNA and RNA synthesis, it is of interest to note that the mitochondrial DNA-dependent RNA polymerase from rat liver has been reported to be very sensitive to inhibition by rifampicin (Schmerling, I969; Gadaleta, Greco & Saccone, 197o; Jackisch et al. I972; Mukerjee & Goldfeder, 1973) . It seems to us that the inhibitory effect of this antibiotic on the transformation of murine cells by MSV may be due to an inhibition of mitochondrial RNA synthesis, rather than due to an inhibition of the virus RNA-dependent DNA polymerase as suggested by Ting, Yang & Gallo (1972) . Inhibition of cellular rather than virus functions by rifampicin has been suggested by Robinson & Robinson (I97I) for RSV-infected chicken cells. We cannot, however, exclude the possibility that ethidium bromide and rifampicin produce undetectable inhibition of nuclear transcription. Post-infection ethidium bromide treatment did not produce any inhibition of virus production. This suggests that only those cells which were infected at zero time went on to produce virus since cells exposed to ethidium bromide subsequent to the initial infection would have been inhibited from producing virus. In other words, at least in the experiments described here, little recruitment of new virus-producing cells occurred by horizontal transmission.
It has been reported recently (Bishop, ~974) that the synthesis of RSV provirus DNA in the infected chick embryo fibroblasts is not inhibited by ethidium bromide, but the integration of this DNA into the high tool. wt. cellular DNA is prevented by the drug. Our data would complement this observation and suggest that a cellular material is responsible for the provirus DNA integration step. The results presented here also indicate that the integration of the virus DNA may be a necessary step for the replication of the RNA tumour viruses.
The induction of maximum inhibition by ethidium bromide only after prolonged treatment with the dye also suggests that Balb 3T 3 cells in a specific phase of the cell cycle contain some material which is required for virus replication. In a randomly growing culture, the accumulation of this material is prevented by ethidium bromide in I5 to 18 h. A prediction from this hypothesis would be that in a synchronized culture, a brief treatment with ethidium bromide should strongly inhibit the synthesis of this material required for replication. On the basis of the differential inhibition of mitochondrial DNA and RNA synthesis by low doses of ethidium bromide, the material in question may be a product formed subsequent to the replication of mitochondrial DNA, such as RNA or protein.
Experiments are now in progress to test this hypothesis.
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